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X

Bakken Oilfield is ≥100 Miles West
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X Sheyenne River 
Watershed 
(drains to Hudson Bay)

Site elevation (AMSL)
1,600 ft / 490 m

Laurentian Surface Water Divide
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X

Whitmeyer & Karlstrom, 2007

x  Whiteshell (AECL)

Assembly of North American Craton
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“Archean Crustal Evolution” Condie [Ed], Elsevier, 1994.

Superior Craton Geology is Also Complex
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NDGS GI-160 (2012)

X

Pre-Cambrian ND geology

Superior Craton at site 
• ≈2.7 billion years old
• Gneissic rocks (metamorphosed granitic rocks)
• Analogous to exposed shield in MN & Manitoba/Ontario
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X≈2 degree 
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≈1 degree slope

ND Depth to Basement (2009)

Basement highs

Basement bench



11

X

Interpreted Basement Surface (1988)
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Basement Structure → Williston Basin
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Mossop & Shetsen (1994) [Eds], “Geological Atlas of the Western Canada Sedimentary Basin”
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North Dakota
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US-Canadian system of (Benn & Rostron, 1998)
• Geochemistry of produced waters
• Williston basin = 100 m isopach of Red River Fm

halite

generally 
fresher

generally 
briny

Hydrogeologic system 
USGS in 1980s (Downey & Dinwiddie, 1988):
• Geology
• Hydraulic heads / numerical model
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A’A

C’C

South Dakota

Manitoba

Precambrian basement high

Deadwood Fm: clean quartzose sandstone 
with some carbonate + minor shale

Red River Fm: fossiliferous lime mudstone 
and wackestone (some dolomite)

In Canada sometimes: Yeoman + Herald Formations

NDGS Bulletin 35 (1960)
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Williston Basin Flow

cartoon cross-section

If basin is steady-state, 
why is fresher water discharging 

at outflow?
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Williston basin
• Bowl-shaped
• Deepest part in western ND
• Connected to Alberta basin
• Lower part of basin filled with 

brine
• Recharge at high elevations in 

SW (MT + WY)
• Discharge at Red River + Lake 

Manitoba/Winnipegosis in 
Canada

Cambrian/Ordovician subcrops at 
both recharge and discharge 
points
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Nature of Deep Brines

Grasby & Chen (2005)

• Br typically exluded from evaporite minerals
• Lower Br/Cl ratio in halite vs. seawater
• Na/Cl ratio <0.8 in deep brines (rock-water interactions buffering Na?)

• Deep brines have unique stable isotope signature

• Mixing  between: 
• deep brine chemistry (old seawater) and
• dissolved halite (glacial recharge near basin outflow)

Deep brines 
(old seawater)

Shallow wells/springs
(halite dissolution)

Deep brines 
(old seawater)
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Last Glaciation (20k-14k years ago )
• 3+ km ice at basin outflow
• Flow direction reversed temporarily
• Geochemical evidence:

• δ18O near discharge
• Aerobically degraded crude oils
• Salt dissolution collapse features

• No evidence brines were displaced
• Glaciation also at 60k and 120k ya

“Plug” flow in 2D cross section?
X

Person & McIntosh (2007)

Grasby et al. (2000)

Effects of Pleistocene Glaciation
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HydroGeoSphere (Sudicky @ Waterloo)
• Model grid

• North America to 35° latitude
• Elements 25 km areally
• 10 layers vertically
• -10 km elevation to land surface
• 405,000 elements

• Groundwater flow
• Density dependent
• Loading term due to weight of ice

• Simplified solute transport
• Fully-coupled surface water flow
• Ice sheet model as input to BC
• 4 material types
• Permeability decreases as exp(-depth)

Results show deep penetration of glacial 
waters, but how realistic under basins?

Continent-Scale GW Modeling

Lemieux et al. (2008)
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Basin Hydrogeologic Model
• 1980s USGS :: aquitards are “very leaky”

• observe similar heads in aquifers across aquitards

• 1990-2000s GSC :: aquitards are “less leaky”
• different water chemistry

Source of Brine
• 1980s USGS :: Prairie halite dissolution
• 1990-2000s GSC:: both evaporite dissolution (due to 

recharging glacial meltwater) and old seawater

Impacts of Glaciation
• GSC in early 2000s first pointed to significant changes 10k-14k 

years ago due to glaciation
• Modeling, but little definitive data outside Manitoba

Observations
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